
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 6

:2
8:

13
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and pr
aSchool of Textile Science and Engineerin

Shaanxi 710048, China. E-mail: yuanshijidi
bKey Laboratory of Functional Textile M

University), Ministry of Education, Xi'an, Sh

† Electronic supplementary informa
https://doi.org/10.1039/d2ra06895h

Cite this: RSC Adv., 2023, 13, 3112

Received 31st October 2022
Accepted 16th January 2023

DOI: 10.1039/d2ra06895h

rsc.li/rsc-advances

3112 | RSC Adv., 2023, 13, 3112–3122
operties of SiO2/SiO2@Ag two-
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and Meiyu Chen*ab

Soft body armor with a strain-sensing function using conductive shear thickening fluids (STFs) has gradually

gained research interest. In this study, conductive SiO2@Ag core–shell microspheres were synthesized and

the influence of process parameters on their properties was evaluated. Subsequently, SiO2 and SiO2@Ag

were used as dispersed phases to prepare two-phase STFs, the effect of the core–shell microspheres'

proportion on the rheological properties of the STFs was investigated, and its mechanism was discussed.

The results indicated that SiO2@Ag core–shell microspheres were coated with elemental silver and when

the concentration of sodium hydroxide and glucose were 0.07 and 0.09 mol L−1, respectively, the

coating surface was the most uniform and compact, and the conductivity reached the minimum value of

0.56 U cm. The two-phase STFs exhibited good and reversible shear thickening behaviors and the critical

shear rate decreased with increasing core–shell microsphere concentration. Additionally, when the mass

fraction of SiO2 and SiO2@Ag core–shell microspheres was 45% and 20%, respectively, the thickening

rate was 325%, and the resistance of two-phase STFs decreased simultaneously with the emergence of

shear thickening that reached the lowest value of 795.16 kU. This study provides a novel strategy for

synthesizing conductive STFs for strain-sensing flexible stab-resistant composites.
1 Introduction

Shear Thickening Fluids (STFs) are non-Newtonian uids whose
physical state rapidly changes from liquid to solid state when
subjected to shear action exceeding the critical rate,1–3 and this
phase transition is reversible and reproducible.4,5 STFs are
extensively used in dampers,6 hydraulic couplers,7 shock
absorption,8 and other engineering elds. In the 1990s,
Professor Wagner from Delaware State University and Dr Wetzel
from the US Army Research Laboratory successfully expanded
the application of STFs to the eld of personal protection.9,10

The rheological properties of STFs served as the foundation
for their use in personal protection applications. The concen-
tration, type, and size of the dispersed phase inuence the
microstructure and rheological properties of the STFs.11,12

Grover et al.11 concluded that the optimal process conditions
whereby STFs reduced the impact velocity of the projectile were
achieved at a concentration of 67% and particle size of 600 nm,
and the increased friction and volume occupation between the
SiO2 particles with larger sizes was proposed to be the main
reason for the enhancement in the STFs energy absorption.
g, Xi'an Polytechnic University, Xi'an,

@163.com; wangqiushi@xpu.edu.cn

aterial and Product (Xi'an Polytechnic

aanxi 710048, China

tion (ESI) available. See DOI:
Gurgen et al.3,13 and Hasanzadeh et al.14,15 investigated the
inuence of the addition of silicon carbide (SiC) and multi-
walled carbon nanotubes (MWCNT) as the dispersed phase on
the rheological properties of the two-phase STFs, which weak-
ened the shear thickening effect by the degradation of the
suspensions' network structure. Li et al.16 used oxygen plasma
treatment to gra hydroxyl, carboxyl, and other oxygen func-
tional groups onto the MWCNT surface, and the formation of
hydrogen bonds between the oxygen functional groups and
particles in the STFs was reported to be the main reason for the
improved shear thickening effect.

In addition to meeting the basic rheological property
requirements, multi-phase STFs can be synthesized by intro-
ducing conductive carbon-based additions to provide intelli-
gent functions such as strain or force sensing.17,18 Chen et al.7

prepared conductive STFs using carbon nanotubes (CNTs). The
mass fraction of SiO2 and CNTs affected the resistance of C-
STFs, which was negatively correlated with STFs thickening.
Zhang et al.19 prepared a C-STF/Ecoex material for sensors by
adding CNTs to STFs, and developed a exible composite for
multifunction applications. Wang and Liu et al.20,21 obtained
a exible material with a high sensing sensitivity and excellent
protective performance by combining conductive STFs with
CNTs and Kevlar fabric, which monitored the different motion
states of the human body. Zhou22 et al. used shear-toughened
gel (SSG), two-dimensional MXene, and Kevlar to prepare the
MXene/SSG/Kevlar composites with good electrical conductivity
© 2023 The Author(s). Published by the Royal Society of Chemistry
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impact resistance. Zhang et al.23 prepared impregnated
conductive Shear Thickening Gel (STG) by adding carbon black
(CB) into a polyurethane sponge (PUS). The developed STG-CB-
PUS composite material effectively tracked human movements,
such as walking, running, and jumping. Zhao et al.24 developed
a CB-STG/Kevlar composite that exhibited good mechanical-
electrical coupling characteristics, and the resistance of the
material was linearly related to the impact force. Fan25 et al.
used reduced graphene oxide (RGO) and nano-silica/shear-
thickened gel to manufacture the SiO2/STG/RGO@Kevlar
composites as a protective layer with good impact resistance,
and strain sensing.

From above, carbon-based materials, such as CNTs and CB,
were generally selected to add into STFs to prepare conductive
STFs, further endowing STFs-based exible composites with
sensing functions. However, no research has been reported on
the preparation of conductive STFs using metal materials with
lower resistivities, such as Ag and Cu. Therefore, we synthesize
SiO2@Ag core–shell microspheres by planting Ag nanoparticles
on the SiO2 microsphere surface, aiming to design the STFs
with both shear thickening and strain-sensing characteristics.
2 Experimental section
2.1 Materials

Monodispersed silica microspheres (SiO2) with a particle size of
500 nmwere purchased from Shanghai Bowei Applied Materials
Technology Co. Ltd. Glucose (C6H12O6), sodium hydroxide
(NaOH), silver nitrate (AgNO3), ammonia (NH4OH), anhydrous
ethanol, (3-mercaptopropyl) trimethoxysilane (MPTMS), and
polyethylene glycol 200 (PEG200) were all of the analytical grade
and purchased from Sinopharm Group Chemical Reagent Co.
Deionized water was used for all the experiments.
2.2 Synthesis of SiO2@Ag core–shell microspheres

A certain mass of SiO2 modied by surface sulydrylation (see
the ESI† for the detailed method) was added into a reducing
solution containing a specic concentration of aqueous
C6H12O6 and NaOH, and ultrasonically dispersed for 10–15min.
Ammonia was added dropwise to a certain mass of the plating
solution (0.12 mol L−1 AgNO3 aqueous solution) until the
turbidity of the mixture was claried. Subsequently, the resul-
tant mixture was added dropwise to the reducing solution
under 300 rad min−1 magnetic stirring at 1 mL min−1, and the
reaction was complete aer 40 min. Aer the reaction was
completed, the resulting mixture was centrifuged, washed with
anhydrous ethanol for 3–5 times, and then dried at 60 °C in
a vacuum oven without additional protective atmosphere to
obtain SiO2@Ag core–shell microspheres. The ow chat is
shown in Fig. 1a.

Based on the preliminary experimental results, the appro-
priate concentration ranges of NaOH and C6H12O6 were 0.03–
0.07 mol L−1 and 0.09–0.13 mol L−1, respectively. The specic
experimental protocols are listed in Table S1 in the ESI.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.3 Synthesis of STFs

STFs were synthesized using the ultrasonic dispersion method.
First, a certain amount of SiO2 was weighed and dried at 60 °C.
Subsequently, it was added to a beaker containing an appro-
priate amount of anhydrous ethanol, and ultrasonically
dispersed for 30 min. A certain amount of PEG200 was added
under continuous ultrasonic dispersion, followed by a certain
amount of SiO2@Ag core–shell microspheres, and the mixture
was continuously sonicated until a uniform STF suspension
formed. Finally, the residual anhydrous ethanol and air bubbles
were removed by vacuum drying at 60 °C for 24 h, and the
resulting suspension was sealed and stored for later use. A
photo of the prepared two-phase STFs is shown in Fig. S1 in the
ESI.† The ow chat is shown in Fig. 1b. The specic experi-
mental protocols for synthesizing the two-phase STFs are listed
in Table S2 in the ESI.†
2.4 Testing and characterization

2.4.1 Field-emission scanning electron microscopy
(FESEM) and X-ray energy dispersive spectroscopy (EDS). The
morphology and coating effect of SiO2 and SiO2@Ag core–shell
microspheres were characterized by eld-emission scanning
electron microscopy (FESEM; QUANTA 450-FEG, FEI, USA). The
contents of Ag, Si, and other elements in the samples and Ag
distribution on the SiO2@Ag core–shell microsphere surface
were analyzed by X-ray energy dispersive spectroscopy (EDS).

2.4.2 Transmission electron microscope (TEM). The
thickness of SiO2@Ag core–shell microspheres was character-
ized by transmission electron microscopy (H-7650B, Hitachi,
Japan) operating at 80 kV.

2.4.3 X-ray powder diffraction (XRD). SiO2 and SiO2@Ag
powders were characterized by X-ray diffraction (XRD; DMAX-
RAPID II, Rigaku, Japan). Test conditions: tube current = 200
mA, tube voltage = 40 kV, scanning range = 5–80°, scanning
speed = 8° per min.

2.4.4 Resistivity test of SiO2@Ag core–shell microsphere
assemblies. SiO2@Ag core–shell microsphere powder (0.3 g) was
added into a straight-mouth syringe (3 mL), and a copper piece
connected to a wire was placed near the syringe needle tip, and
another copper piece attached to a wire was placed on the side
of the syringe plunger. Subsequently, the powder was com-
pacted to a thickness of 4 mm. A low resistance meter (Milli-
Ohmmeter MO-3, Fischer, Germany) was used to test and
calculate the resistivity of the powder. The resistance test time
was 60 s, and each sample was tested 5 times to obtain an
average value to ensure the accuracy of the experimental results.
A schematic of the resistivity test method of the core–shell
microsphere powder is shown in Fig. 2.

2.4.5 Rheological performance test. The steady-state and
dynamic rheological properties of STFs samples were charac-
terized using a rotational rheometer (MCR 302, Anton Paar,
Austria). The CP25-2 rotor model was selected for the test. The
diameter of the rotor was 24.97 mm, the cone Angle qc was
1.994°, the cone-plate distance was 0.103 mm, and the test
temperature was 25 °C. All rheological tests required sample
pre-shearing at 10 s−1 to eliminate the shear history. The shear
RSC Adv., 2023, 13, 3112–3122 | 3113
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Fig. 1 Flow chart of (a) SiO2@Ag core–shell microsphere synthesis, (b) SiO2/SiO2@Ag two-phase STFs preparation.

Fig. 2 Schematic of the resistivity measurement method for SiO2@Ag
core–shell microspheres.
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rate test range for steady-state rheological properties was 0.01–
5000 s−1, the xed angular frequency for dynamic rheological
property testing was 10 rad s−1, and the shear strain range was
0.01–1000%.

2.4.6 Steady-state rheological and resistance performance
testing. Steady-state rheological and resistance tests were per-
formed on the conductive STFs samples using a rotational
rheometer (MCR 302, Olly Anton Paar) and source measure
units (Keithley 2450, Tektronix, USA). The rheological and
resistance tests were synchronized based on the test time. The
3114 | RSC Adv., 2023, 13, 3112–3122
CC17 rotor model was used in the test, the distance between the
bottom of the barrel and the rotor was 0.3 mm, and the shear
rate test range of the steady-state rheological property was 0.01–
1000 s−1, and the test temperature was 25 °C. The two-line
method tests using the source measure units and the connec-
tion mode are shown in Fig. 3.
Fig. 3 Viscosity-resistance test chart of the STFs system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 Determination of process parameters for SiO2@Ag core–
shell microsphere synthesis

3.1.1 Effect of process parameters on the morphology of
SiO2@Ag core–shell microspheres. During the electroless
plating, the alkaline environment and concentration of the
reducing agent are the main factors controlling the reaction
rate.26,27 Therefore, the effect of process parameters on the
morphology of the SiO2@Ag core–shell microspheres was
investigated by varying the NaOH and C6H12O6 concentrations
in this study. The effect of the alkaline environment on the
surface coating morphology of the NxC9 series of samples was
investigated by varying the NaOH concentration at a xed
C6H12O6 reducing agent concentration of 0.09 mol L−1, and
Fig. 4 shows the SEM images of the synthesized SiO2@Ag core–
shell microspheres and the illustration is the secondary
magnication of the typical microspheres. Although the coating
morphology of the N3C9 sample was relatively uniform and
exhibited no agglomeration, the silver particles on the coating
were sparse. In this case, limited OH− ions are present in the
solution, and as the reaction progresses, OH− ions are contin-
uously consumed, thereby hindering the complete reduction of
silver ions to elemental silver, and therefore the coating layer
was not dense. When the NaOH concentration was higher than
0.11 mol L−1, the coating effect of the core–shell microspheres
gradually deteriorates, no uniform and thick coating was
observed, and the silver particles agglomerated, mainly because
the NaOH concentration was too high. Excess OH− ions
increase the reaction rate, and the rapidly reduced silver parti-
cles cannot adhere to the SiO2 surface. Therefore, when the
C6H12O6 reducing agent concentration was 0.09 mol L−1,
a NaOH concentration of 0.07 mol L−1 provided the most suit-
able alkaline environment.

For the N7Cy series of samples, the reducing agent concen-
tration also affects the surface coating morphology. As shown in
Fig. 4, for samples N7C3 and N7C5, owing to the low concen-
tration of the reducing agent, silver ions in solution are reduced
to silver at a slow rate, which limits the number of particles
adhered to the SiO2 surface, and thereby the coating layer is
thin. When the C6H12O6 concentration was higher than
0.09 mol L−1, the silver particles agglomerated into large
particles that adhered to the SiO2 surface, which formed a non-
dense coating. In particular, for the N7C13 sample, the C6H12O6

concentration was too high, resulting in a highly reducible
solution. In this case, the reaction rate is too rapid, and the rate
of silver ion reduction is greater than the rate of Ag particle
adhesion to the SiO2 surface, and therefore the Ag particles in
solutions easily formed agglomerates.

Based on the above SEM results, sample N7C9 exhibited the
best coating effect, and the silver particles of the coating layer
were relatively dense and uniform. In this case, the reaction rate
was relatively moderate, the silver ion reduction rate and Ag
particle adhesion to the SiO2 surface were balanced, and the
reduced silver preferentially nucleated on the SiO2 surface,
forming a continuous and dense coating layer. The TEM
© 2023 The Author(s). Published by the Royal Society of Chemistry
photograph of the N7C9 specimen clearly shows the SiO2 core
and silver-plating shell of the microspheres, and the thickness
of the shell is about 13 nm in Fig. 5.

The content and distribution of Ag on the surface of the N7C9

sample were further analyzed. The proportion of the main
elemental content on the sample surface and the mapping
sweep distribution of elemental Ag determined by EDS are
shown in Fig. 6. The magnication of the EDS mapping sweep
image is 100 000 times which are twice that of the SEM photo of
N7C9 sample. Based on the distribution of green spots,
elemental Ag was uniformly distributed on the surface of the
SiO2 microspheres. Additionally, the main elements on the
surface of the SiO2@Ag core–shell microspheres were O, Si, and
Ag, and the proportion of elemental Ag was 0.76%.

3.1.2 Phase analysis of SiO2@Ag core–shell microspheres.
As shown in Fig. 7a and b, the crystal structure of the NxCy series
samples were analyzed by XRD. All this pattern depicts a similar
crystal structure, i.e., the presence of distinct crystalline peaks
at 38.12°, 44.30°, 64.44°, and 77.40°, and a insignicant
prominent broad near 22°.The phase composition and crystal
structure of the pure SiO2 and SiO2@Ag core–shell microsphere
N7C9 samples were compared in Fig. 7c, which conrmed the
presence of elemental silver in the SiO2@Ag core–shell micro-
sphere sample. Pure SiO2 exhibited a prominent broad peak at
22°, indicating that it is amorphous. In addition to the central
broad peak of SiO2, the SiO2@Ag core–shell microsphere
sample also exhibited four characteristic diffraction peaks at 2q
values of 38.12°, 44.30°, 64.44°, and 77.40°, which correspond
to different crystal planes of face-centered cubic Ag, namely
(111), (200), (220), and (311),26 respectively. This is basically the
same as the Ag phase jcpds card number PDF#65-2871 standard
card. Notably, no diffraction peaks of other silver compounds
were detected. Because of the difference in resistivity between
elemental silver and silver compounds, XRD analysis conrmed
the surface of the SiO2@Ag core–shell microspheres was coated
with elemental silver, which provides a foundation for the
subsequent preparation of STFs with reduced resistivity.

As shown in Fig. 7d, the grain size of the silver plating layer
of NxCy series specimens was calculated by Scherrer equation.
And the N7C9 specimen has the smallest average grain size of
3.42 nm, which is consistent with the morphology of micro-
spheres in Fig. 4.

3.1.3 Effect of process parameters on the electrical prop-
erties of SiO2@Ag core–shell microsphere aggregates. The
resistivity of the SiO2@Ag core–shell microspheres is an
essential factor that inuences the electrical conductivity and
strain-sensing function of SiO2@Ag/PEG200-based STFs. By
evaluating the inuence of process parameters on the resistivity
of the SiO2@Ag core–shell microsphere aggregates, the optimal
process for synthesizing core–shell microspheres was further
determined. Fig. 8a and b show the resistivity test results of the
NxC9 and N7Cy series of samples, respectively. The resistivity of
the N7Cy series was lower than that of the NxC9 series, and the
variation trend in the resistivity of the SiO2@Ag core–shell
microspheres corresponds with the SEM analysis of the coating
morphology. The resistivity of N7C9 with the most uniform and
dense coating was the smallest (0.56 U cm). In contrast, N23C9,
RSC Adv., 2023, 13, 3112–3122 | 3115
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Fig. 4 SEM images and illustration (secondary magnification) of SiO2@Ag core–shell microspheres synthesized with different process
parameters.
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which had the worst coating effect, exhibited the highest
resistivity (1.32U cm). Thus, it was concluded that the resistivity
3116 | RSC Adv., 2023, 13, 3112–3122
of the SiO2@Ag core–shell microspheres is related to the
uniformity and density of the SiO2@Ag coating layer. When the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of N7C9 core–shell microspheres.
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coating is uniform and dense, the surface contact of the core–
shell microspheres in the composite microsphere aggregate is
good. Therefore, the resistivity was lower. Conversely, when the
plating effect was poor, it was difficult for the silver layer to form
a conductive pathway, and therefore the resistivity was the
largest.

Based on the morphological analysis and resistivity test
results, the optimal process parameters for synthesizing
SiO2@Ag core–shell microspheres are a C6H12O6 concentration
of 0.09 mol L−1 and NaOH concentration of 0.11 mol L−1.
3.2 Rheological properties of the two-phase STFs system

3.2.1 Effect of the dispersed phase ratio on the rheological
properties of the two-phase STFs system. The rheological
properties and shear thickening mechanism of the single-phase
SiO2 system are shown in Fig. S2.† Within a specic range,
increasing the concentration of the dispersed phase improved
the shear thickening effect. Therefore, the effect of different
ratios of the two dispersed phases on the thickening effect of
Fig. 6 (a) EDS scan and (b) EDS spectrum of N7C9 core–shell microsph

© 2023 The Author(s). Published by the Royal Society of Chemistry
the conductive STFs system was evaluated by adding SiO2@Ag
core–shell microspheres. Repeated tests using the two-phase
STFs system demonstrated that when the SiO2 mass fraction
was 40% and the SiO2@Ag mass fraction was 25%, the
maximum mass fraction of each dispersed phase was achieved
for the two-phase STFs system. When the mass fraction of the
dispersed phase was further increased, the two-phase STFs
system changed from liquid to solid state, thereby losing its
uidity in ultrasound and drying.

Fig. 9 shows the relationship between the shear rate and (a)
viscosity and (b) shear stress, as well as (c) themechanism of the
two-phase STFs system. As shown in Fig. 9a, aer SiO2@Ag
core–shell microsphere addition, the rheological properties of
the two-phase STFs system were consistent with the variation in
viscosity of the single-phase sample, which exhibited the
behavior of non-Newtonian uid. Because the density of the
core–shell microspheres was larger than that of SiO2, the
density of the two-phase STFs system increased with the
increase in the mass fraction of the core–shell microspheres.
For STFs with a higher density, the adhesion between solid
particles is stronger, and therefore the overall viscosity of the
uid increases.3 Additionally, the decrease in the critical shear
rate may be attributed to the increased viscosity of the two-
phase STFs system. According to eqn (1) for calculating
Fhydrodynamic,28 viscosity is proportional to the uid power, and
thus the two-phase dispersed phase in the STF system forms
hydroclusters more easily. For all the curves, the viscosity of the
STF60:5 system increased from 0.84 to 4.75 Pa s at the critical
shear rate, and the thickening rate was 565%. Compared with
the single-phase STFs system with 65% SiO2 concentration, the
maximum viscosity was increased by 47.37%. The viscosity of
STF45:20 increased from 2.77 to 9 Pa s at the critical shear rate,
and the thickening rate was 325%. However, the viscosity of the
STF40:25 system increased from 7.25 to 17.3 Pa s at the critical
shear rate, and the thickening rate was only 239%. Although the
SiO2 and SiO2@Ag core–shell microspheres both participate in
hydroclusters' formation which determines the shear thick-
ening behavior, the weaken of shear thickening with the higher
ratio of SiO2@Ag might be due to the decrease of Si–OH on the
eres.

RSC Adv., 2023, 13, 3112–3122 | 3117
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Fig. 7 XRD patterns of (a) and (b)NxCy series samples and (c)SiO2 and the (d) average grain size of NxCy series samples.
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SiO2@Ag microspheres, leading the diminish of the hydrogen
bond between Si–OH and the –OH groups in PEG200, as shown
in Fig. 9(e2 and e3).

Fhydrodynamic ¼ 6ph0a
3g

h
(1)

where h0 is the viscosity of the dispersion medium, Pa s; a is the
particle radius, mm; h is the distance between two particles,
mm; g is the shear rate, s−1.

Fig. 9b shows that shear stress increased linearly with
increasing shear rate during the initial stage and then increased
Fig. 8 Resistivity of SiO2@Ag core–shell powders synthesized with diffe

3118 | RSC Adv., 2023, 13, 3112–3122
rapidly when the critical shear rate was reached, indicating
nonlinear growth. Moreover, the maximum shear stress
increased with increasing mass fraction of the SiO2@Ag core–
shell microspheres. Notably, the critical shear stress of STFs
with varying ratios of the dispersed phases was not different.
However, the critical shear stress of the STFs system with
a relatively higher SiO2@Ag core–shell microsphere content was
slightly increased.

Non-Newtonian uids are intermediate between the solid
and liquid state, and exhibit viscoelastic behavior. Based on the
viscoelastic theory24, the storage modulus (G′) and loss modulus
rent process parameters.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Relationship between shear rate and (a) viscosity and (b) shear stress of the two-phase STFs system. Relationship between strain and the
(c) energy storage modulus G′ and (d) loss modulus G′′ at 25 °C, and (e) the mechanism diagram.
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(G′′) are representative of the elastic and viscous strength of the
system, respectively. The relationship between strain and the (c)
energy storage modulus and (d) loss modulus of the two-phase
STFs system is shown in Fig. 9. STF with different ratios of the
dispersed phase exhibited the process of thinning and thick-
ening by shear, and the overall trend was consistent. Under
lower strain, G′ and G′′ remained unchanged because the
network structure damage caused by uid repulsion and
Brownian motion was rapidly restored. Subsequently, with
increasing strain, the G′ and G′′ curves both exhibited a down-
ward trend. In this case, intermolecular force and Brownian
motion are insufficient to restore the damaged structure.
However, G′′ was always greater than G′, which is mainly
attributed to energy dissipation and indicates the viscous
nature of the system. Aer the critical strain was reached, the
STFs system was mainly dominated by uid force, leading to the
rapid formation of hydroclusters. Both G′ and G′′ curves
increased, and G′′ was still larger than G′. In this case, G′′ is
© 2023 The Author(s). Published by the Royal Society of Chemistry
dominant, indicating that the system still exhibits viscous
behavior, which is consistent with the steady-state rheological
behavior of the system, which exhibited a relatively low thick-
ening rate.

3.2.2 Reversible performance analysis of the two-phase
STFs system. The reversible ow curve of the two-phase STFs
system is shown in Fig. 10. The solid line represents the shear
rate from low to high (forward test), whereas the dashed line
represents the shear rate from high to low (reverse test), which
was evaluated to determine whether the two-phase STFs system
possesses reversibility. Both curves exhibited shear thinning
and thickening in the low shear rate region, but did not
completely overlap in the high shear rate region. The above
phenomena indicate that the two-phase STFs system has good
reversibility, and the nanoparticle cluster structure damaged
caused by shear efficiently reorganizes and reconstructs the
network structure.29 Additionally, the peak viscosities and
overall curves of the reverse tests were lower than those of the
RSC Adv., 2023, 13, 3112–3122 | 3119
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Fig. 10 Reversible flow curves of the two-phase STFs system at 25 °C.
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forward tests because the network microstructure damaged by
the forward shear was not completed recovered during the
reverse shear process.
3.3 Relationship between the rheological and electrical
properties of the two-phase STF system

The relationship between the steady-state rheological and
electrical properties of STF45:20 and PEG200 is shown in Fig. 11a
and b. Comparing the shear rate-viscosity and resistance curves
of PEG200 and the two-phase STFs system, the viscosity and
resistance of PEG200 do not change with increasing shear rate,
but the resistance and viscosity of STF45:20 decreased and
increased, respectively, exhibiting a negative correlation.
During the shear thinning stage of the STFs system, the resis-
tance remained stable at 936.77 kU. When the system exhibited
shear thickening, the resistance rapidly decreased to the lowest
value of 795.16 kU with the rapid increase in the viscosity. Thus,
the variation in the viscosity and resistance occurred simulta-
neously during the shear process. Because when the STFs
system is in the shear thinning stage, there is less contact
between the dispersed phase particles owing to the repulsive
forces between the molecules, and therefore electron transfer in
the polymer solution is difficult, as shown in Fig. 9(e1 and e2).
Fig. 11 (a) The relationship between the rheological and electrical proper
between the rheological and electrical properties of PEG200; (c) the re
phase STFs systems prepared with varying dispersed phase ratios at 25 °

3120 | RSC Adv., 2023, 13, 3112–3122
However, when the system is in the shear thickening stage, the
rapidly formed SiO2 and SiO2@Ag mixed particle hydroclusters
have surface contact and Ag on the core–shell microsphere
surface more efficiently performs electron transfer, thus
reducing the resistance of the system, as shown in Fig. 9(e3).

The relationship between the resistance of the two-phase
STFs system and the shear rate for different ratios of the
dispersed phases is shown in Fig. 11c. Although no SiO2@Ag
core–shell microspheres were added to the STF65:0 system, the
variation in resistance also exhibited a similar trend. Because
SiO2 is a semiconductor, the SiO2 clusters formed in the shear
thickening process will also transfer electrons owing to contact
with each other, but the resistance transfer efficiency is rela-
tively low. Therefore, the resistance of the STFs system is
considerable. For the STF60:5 system, the stable resistance
without shear thickening was 1423.15 kU, and the minimum
resistance was 1030.39 kU, whereas the stable resistance for the
STF45:20 system was 936.77 kU and the minimum resistance was
795.16 kU. Thus, with increasing conducting SiO2@Ag core–
shell microspheres, the stable resistance of the STFs system
during shear thinning process decreased and the lowest resis-
tance in the shear thickening process decreased signicantly.
Additionally, a positive correlation was observed between the
resistance change rate and thickening rate of the two-phase
STFs system, and the thickening rate of the STF40:25 system
was 239% with a resistance change rate of 17.17%. Further-
more, the thickening rate of the STF60:5 system was 565% with
a resistance change rate of 27.6%. Thus, the higher the shear
thickening, themore pronounced the change in resistance. This
phenomenon further conrms that the synchronous variation
in the resistance and viscosity of the two-phase STFs system in
Fig. 11a is caused by the change of the microscopic agglomer-
ation of the dispersed phase during the shear thickening
process. However, the resistance of the STF system did not
continue to decrease with the further increase in the proportion
of the SiO2@Ag core–shell microspheres. In particular, the
stability and minimum resistance of STF40:25 were higher than
those of STF45:20. Based on the analysis of the shear thickening
ties of the two-phase STFs system; inset (b) diagram of the relationship
lationship between the resistance change with shear rate of the two-
C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mechanism of the two-phase STFs system in Section 3.2.1, the
surface of the core–shell microspheres possesses limited Si–OH
groups, and hydrocluster formation during the shear thick-
ening process depends more on the contact friction and inter-
molecular force between SiO2 and the core–shell microspheres.
In this case, the excessive addition of core–shell microspheres
hinders the ability of SiO2@Ag to participate in SiO2 hydro-
cluster formation during shear thickening completely, and thus
the core–shell microspheres are partially dispersed in the
polymer solution. Compared with STF45:20, the SiO2 content in
STF40:25 was relatively lower, and the number of core–shell
microspheres that could participate in agglomeration was also
lower, and thus it was more difficult to form a conductive
pathway, leading to an increase in the resistance of the two-
phase STFs system.

Based on the above studies on the rheological properties and
resistance changes of the SiO2/SiO2@Ag two-phase STFs system,
the two-phase conductive STF45:20 system with a specic ratio of
SiO2 and SiO2@Ag in the dispersed phase exhibited a good
shear thickening effect. Moreover, a remarkable electrical
phenomenon was observed that the resistance of the system
decreases rapidly with shear thickening. Therefore, it is
possible to fabricate exible composites with both anti-stab
performance and sensing function.
4 Conclusions

In this study, the relationship between the process parameters
of conducting SiO2@Ag core–shell microspheres and their
surface morphology and electrical properties was investigated,
and the inuence of the ratio of the dispersed phases on the
rheological properties and resistance of the SiO2/SiO2@Ag two-
phase STFs system was evaluated, the main conclusions are as
follows:

(1) By investigating the effect of the NaOH and C6H12O6

concentrations on the electroless silver plating process, it is
demonstrated that the alkaline environment and reducing
agent concentration inuenced the morphology of the SiO2@Ag
core–shell microspheres. The optimal process parameters of the
NaOH and C6H12O6 concentrations were 0.07 and 0.09 mol L−1,
respectively. Under these conditions, the elemental Ag on the
SiO2@Ag core–shell microsphere surface was uniform and
compact and exhibited the lowest resistivity (0.56 U cm).

(2) SiO2/SiO2@Ag two-phase STFs exhibited a signicant
shear thickening effect and good reversibility. With increasing
SiO2@Ag core–shell microsphere concentration, the critical
shear rate of the system decreased, and the initial and
maximum viscosities increased.

(3) When the shear thickening phenomenon occurs in the
two-phase STFs system, the resistance decreases simultaneously
with the viscosity increase. Moreover, the resistance was the
lowest when the shear thickening effect was the most signi-
cant. The two-phase STF45:20 system exhibited a thickening rate
of 325% and minimum resistance of 795.16 kU, which was
determined to be suitable for fabricating exible STF-based
stab-resistant materials with strain-sensing functions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
(4) During the shear thickening process of the two-phase
STFs system, strong surface contact occurs owing to the rapid
formation of SiO2 and SiO2@Ag hydroclusters, the Ag on the
core–shell microsphere surface is more effective for electron
transfer, thereby rapidly reducing the resistance of the STFs
system. Thus, the resistance and shear thickening behavior
simultaneously induce.

The conductive SiO2@Ag core–shell microspheres investi-
gated in this study provide a novel strategy for the synthesis of
multiphase conductive STFs. Moreover, this study provides
a new opportunity to explore STFs-based exible stab-resistant
materials for application in the eld of strain sensing body
armor.
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